Over the last several decades, our understanding of the genetic variation, pathophysiology, and complications of the hemolytic anemia associated with red cell pyruvate kinase deficiency (PKD) has expanded. Nonetheless, there remain significant gaps in our knowledge with regard to clinical care and monitoring. Treatment remains supportive with phototherapy and/or exchange transfusion in the newborn period, regular or intermittent red cell transfusions in children and adults, and splenectomy to decrease transfusion requirements and/or anemia related symptoms. In this article, we review the clinical diversity of PKD, the current standard of treatment and for supportive care, the complications observed, and future treatment directions. 
Current State of Diagnosis
The possibility of PKD is considered in patients with active hemolysis with no findings suggestive of an acquired autoimmune process, red cell membrane defect, or hemoglobinopathy. The diagnosis in the absence of a known family history can be quite challenging. Patients can have a variable phenotype, normal or near-normal red cell morphology, and enzyme testing can be falsely normal. Historically, enzyme testing has been the gold standard for diagnosis, and PK-LR gene testing has been performed only on a research basis. More recently, PK-LR gene testing has become clinically available and is now pursued to confirm equivocal cases.
Pyruvate kinase enzyme activity is the gold standard for initial testing for PKD. Although low enzyme activity is consistent with the diagnosis of PKD, falsely normal levels are sometimes encountered due to contamination with normal donor cells in transfused patients, incomplete leukocyte removal, persistence of the M2 (muscle) isoform in the mature red cell, or non-physiologic substrate concentrations [18, 19] . In the presence of hemolysis, comparing pyruvate kinase activity to the activity of other cell age dependent enzymes often provides evidence of PKD. For example, if PK activity is normal while the activity of other age dependent enzymes is increased, this is very suggestive of PKD [20] . Notably, to the extent it has been evaluated, PK enzyme activity is not correlated with the degree of anemia or hemolysis but may correlate with reticulocytosis [21, 22] .
Molecular diagnosis through sequencing the exons, flanking regions, and promotor of the PK-LR gene is now clinically available. The interpretation of compound heterozygous mutations is limited without parent samples, as it may not be certain whether mutations are in cis or trans. Furthermore, large deletions and intron mutations at cryptic splice sites can be difficult to detect; thus leading to falsely negative results. Although the role of genetic testing is evolving, molecular analysis should be considered to confirm the diagnosis of PKD and also in cases when the diagnosis is not clear after initial enzyme testing (Table  I) . Patients with clinical characteristics suggestive of PKD and challenging diagnostic testing results, should be referred to centers with a known interest and expertise in evaluating red cell enzymopathies. To date, no reported patients are predicted to be null on both alleles of the PK-LR gene.
Patients with PKD have a variable laboratory phenotype ranging from mild anemia to transfusion dependent hemolysis. In a prior report of 61 patients, the median pre-splenectomy hemoglobin was 9.8 g/dl with a range of 2.2-14.4 g/dl [23] . The reticulocyte count is increased but is not necessarily proportional to the severity of hemolysis. Moreover, since reticulocytes are preferentially sequestered in the spleen, splenectomy paradoxically causes a rise in both hemoglobin and reticulocytes [2, 24] . Indirect bilirubin is typically increased and usually persists after splenectomy [23] . Red cell morphology can be variable, including the presence of echinocytes, but may also be normal (Fig. 2) . Zanella et al. have previously described a framework for categorizing patients by clinical severity (Table II) .
Although multiple reports describe a genotype-phenotype relationship, the clinical manifestations of PKD vary depending on many other factors including the patient's genetic background, presence of other red cell abnormalities, and differences in splenic function [23, 25] . These findings are most readily noted in the variability among members of the same family with identical genotypes.
Current State of Therapies
Curative therapy for PKD is not currently available. Current treatment strategies, including maintaining an adequate hemoglobin through transfusion and, in many cases, splenectomy, have not changed since the disease was first described in 1961.
Care of the newborn infant with PKD is critical as severe hyperbilirubinemia is common, even in patients who later have mild phenotypes [23] . Newborns often require phototherapy and/or exchange transfusions. Rare cases of fulminant hepatic failure related to PKD have been described, possibly related to expression of both liver and red cell pyruvate kinase by the PK-LR gene [26] . Chronic regular blood transfusions in infants are often necessary, although the anemia can improve with age [27] . The optimal hemoglobin nadir and transfusion interval have Molecular PK-LR Analysis: Secondary/confirmatory test, consider after sending the enzyme activity testing if any of the following are present:
1. Normal or low-normal pyruvate kinase activity with elevated activity of other age dependent red cell enzymes 2. Chronically transfused patient whose assayed enzyme activity could be falsely normal 3. Low pyruvate kinase activity in the absence of a family history not been reported. A hemoglobin nadir of 7-9 g/dl is sufficient in most children; however, adults and infants may require a higher hemoglobin level. The anemia in adulthood is more constant with many adults only needing intermittent transfusions for acute hemolytic stressors. Elevated reticulocyte counts indicate rapid red cell turnover and thus a need for supplemental folic acid or a multivitamin containing folate but without iron.
Splenectomy as a treatment for PKD was first described in two patients in 1966 [28] . Since that time, total splenectomy has proven to be an effective therapy for eliminating or decreasing transfusion dependence, raising the baseline hemoglobin, and increasing the absolute reticulocyte count. As is true for many hematologic conditions, splenectomy as a therapeutic modality was adopted without controlled clinical trials. Data are available from observational experiences of large centers. Splenectomy usually results in a rise in hemoglobin of 1-3 g/dl and is recommended in severely affected, transfusion dependent patients and in those who do not tolerate anemia [21, 29] . Splenectomy may also improve the survival of transfused cells when splenomegaly is present. In most cases, splenectomy removes the need for regular transfusions. However, the optimal timing of splenectomy in transfusion dependent toddlers and children is unclear but involves weighing the risk of post-splenectomy sepsis with the risk of allo-sensitization and transfusional hemosiderosis. Following splenectomy, some patients may require intermittent transfusions associated with infections, and, in the minority of patients, there may be a continued requirement for transfusions. Splenectomy is associated with a life-long risk of sepsis with encapsulated organisms. In addition, concern has been raised about the risk of thromboembolic disease after splenectomy for PKD, but the overall risk of post-splenectomy thrombosis is not clear and does not appear to be as high as in other congenital hemolytic anemias [30] .
With the emergence of antibiotic-resistant pneumococci and concern for risk of post-splenectomy thrombosis, partial splenectomy has been considered as an alternative to full splenectomy in multiple types of congenital hemolytic anemias. The goal of partial splenectomy, in which at least 80-90% of the spleen is removed, is to decrease hemolysis while leaving behind a functioning splenic remnant for phagocytic function. There are a few case reports documenting the results of partial splenectomy in PKD patients with two documented failures and one documented success with an increase in the baseline hemoglobin and reduction in transfusions [31] [32] [33] . In practice, most clinicians do not recommend partial splenectomy for PKD.
Cure through hematopoietic stem cell transplantation is theoretically possible. Bone marrow transplantation has been demonstrated to cure the PK deficiency and anemia in a mouse model of PKD [34] . To date, one successful report in humans has been published of a 5 year old transfusion dependent, non-splenectomized male who received an HLA-matched sibling allogeneic transplant from his unaffected sister. At last report, 3 years after the transplant, the patient remained fully engrafted with normal PK enzyme activity [35] . Since stratification for severity in PKD remains elusive, it is difficult to assess the risk to benefit ratio of transplant in individual patients and, in those patients in whom transplant is considered, consultation with centers with significant experience with PKD can be useful.
Current State of Supportive Care
Iron overload is common in PKD, in both chronically transfused and transfusion-independent individuals. In transfusion-independent individuals, additional factors for iron loading include splenectomy, a degree of ineffective erythropoiesis, and co-inheritance of hereditary hemochromatosis mutations [36] [37] [38] . Transfusional hemosiderosis is a predictable complication of chronic transfusion therapy and monitoring through measurements of plasma ferritin, liver iron burden by R2 (FerriscanV R ), and/or liver, pancreas, and cardiac iron burden by T2* magnetic resonance imaging (MRI) methods is indicated. The age at which to begin these monitoring studies is not clear. Taking a guide from sickle cell anemia and thalassemia, evaluation of iron status after 10-20 red cell transfusions is a reasonable milepost, or, for non-heavily transfused patients, when a patient can tolerate a nonsedated MRI assessment. In addition, the type and frequency of monitoring for iron overload in transfusion-independent or intermittently transfused patients (transfused for acute exacerbations only) is less clear. Plasma ferritin levels and transferrin saturation (iron/total iron binding capacity) measurements are simple screening tests, but they do not directly assess tissue iron burden, and the level at which more direct assessment, such as MRI, is indicated has not been determined for these measures.
Similarly to thalassemia major, data in individual patients with PKD suggests that ferritin may not correlate well with degree of iron overload by MRI [37] . Given that hepatic iron overload has occurred in transfusion-independent individuals with PKD, annual MRI monitoring may be indicated in all adult PKD patients [37, 39] . Chelation may be necessary in many patients. Drawing from experience in treating thalassemia, chelation therapy may be indicated with ferritin >1,000 ng/ml, liver iron concentration >3 mg/g dry weight liver, and/or T2* cardiac iron <20 ms. Since ferritin may underestimate liver iron concentration, assessment by MRI should be considered when ferritin >500 ng/ml. Reports have described effective use of all three iron chelation agents available in the US, desferroxamine, deferasirox, and deferiprone [21, 37, 40] .
Before splenectomy, all PKD patients should receive immunizations according to the Center for Disease Control guidelines for patients with asplenia, including the pneumococcal, meningococcal, and Haemophilus influenza vaccines. Post-splenectomy, these vaccines should be boosted at regular intervals according to the same guidelines and any newly recommended vaccines should be administered in children and adults. Providers must be aware that these guidelines vary from time to time (http://www.cdc.gov/vaccines/ schedules). Splenectomized patients should seek urgent medical care for all fevers 101.5 F due to the risk of sepsis with encapsulated organisms. These febrile, splenectomized individuals should have a blood culture drawn and then broad spectrum parenteral antibiotics should be administered. Penicillin prophylaxis generally is recommended for 1-2 years post-splenectomy. Continued penicillin prophylaxis beyond this time period is more controversial. Some clinicians consider a lifetime course of prophylaxis, particularly for those patients who live a long distance from a medical center.
As in other congenital hemolytic anemias, gallstones occur at an earlier age than in the healthy population. Pancreatitis can occur as an acute complication of biliary tract disease. In contrast to hereditary spherocytosis, gallstones are also common in splenectomized PKD patients. Thus, the risk continues for gallstones to develop regardless of splenectomy status [21] . For this reason, in order to avoid a second surgery and future complications, some advocate for a cholecystectomy at the time of splenectomy, even in the absence of gallstones. Concomitant Gilbert Syndrome should be suspected in patients with higher than expected indirect bilirubin measurements, which may predispose to a higher rate of gallstones. Genetic testing for the UGT1A1 promoter polymorphism of Gilbert syndrome may be indicated in such patients.
Successful pregnancies and deliveries have been reported in women with PKD [41] [42] [43] [44] . Pregnancy is associated with increased hemolysis in some individuals; thus, regular transfusions may be necessary even in women who were transfusion-independent before pregnancy. No guidelines exist regarding indications for blood transfusion during pregnancy, and it is not clear whether splenectomy status or other factors affect the degree of hemolysis in pregnancy. The increased hemolysis observed during pregnancy abates soon after delivery [43] . Women should be counseled regarding the potential for increased hemolysis during pregnancy, and the requirement for close follow up with both an obstetrician and hematologist [41] .
Folate requirement is likely higher during pregnancy related to increased hemolysis. Notably, women with PKD should not receive iron supplementation during pregnancy due to the high incidence and risk of iron overload in these individuals. Women with a prior transfusion history should be screened early in pregnancy for HIV and hepatitis viruses. Since iron overload is common in PKD, including in transfusion-independent women, consideration must be given to maternal cardiac screening for myocardial hypertrophy related to anemia or dysfunction related to iron [44] . Reported pregnancy complications include miscarriages, pre-ecclampsia, and growth restricted infants; however, it is not known if the incidence of these types of complications is increased over healthy women [44] .
Other Complications
Extramedullary hematopoiesis is a known complication of PKD, including lesions causing spinal cord compression [45, 46] . Leg ulcers, similar to those reported in patients with sickle cell disease and hereditary spherocytosis, have been reported [47] . Two reported PKD patients have developed bone marrow abnormalities at older ages, including a 70 year old who developed myelodysplasia with refractory anemia with ringed sideroblasts and 72 year old who developed chronic myelomonocytic leukemia [48, 49] . Some have hypothesized that chronic ineffective erythropoiesis and hemolysis may predispose to clonal abnormalities, but this has not been verified for other types of anemias with similar hematologic findings [48] .
Future Directions for Therapy
A gene therapy strategy has not been attempted in human PKD. Studies in mice have shown prolonged expression of PK in the blood and hematopoietic organs of mice after introduction of a viral vector expressing human liver-type PK cDNA [50] . In addition, other investigators have shown increased expression of PK in transgenic mice using a gene-addition strategy, although this did not fully rescue the mice from their phenotype with continued evidence of ineffective erythropoiesis [51] .
No specific drug therapies are available for treatment of PKD. Historic attempts to develop pharmacologic treatments, such as riboflavin and sulphydryl compounds, have been unsuccessful [52] [53] [54] . A pharmacologic activator of red cell pyruvate kinase is presently in early phase clinical trials [55] . This drug can both activate pyruvate kinase and enhance glycolytic flux in mice and increases ATP and decreases 2,3-DPG in healthy individuals [55, 56] . To date, there are no data from patients with PKD, but a clinical trial is under consideration. 
Future Directions for Clinical Care
With a minimal number PKD cases reported in the literature, our understanding of the epidemiology, spectrum of clinical severity, and supportive care in this disease is limited. The Pyruvate Kinase Deficiency Natural History Study (clinicaltrials.gov, NCT02053480) is a longitudinal, multicenter, international patient registry which is collecting retrospective and current clinical information and patient reported outcome measures at enrollment and annually. All participants have PK-LR mutation testing to confirm their diagnosis. With this information on a large number of phenotypically diverse PKD patients, it should be possible to establish clinical predictors of complications and develop clinical care guidelines. It is anticipated that such guidelines will be useful to generalists, hematologists, and obstetricians who follow a limited number of patients with PKD. Understanding the natural history of PKD will allow for an informed assessment of an affected child or adult's risk of future complications, the indications for specific monitoring, the need for splenectomy, as well as eligibility for future therapies.
Conclusions
Since PKD was first described 55 years ago, our understanding of the red cell defect, the clinical and genetic variability, supportive care, and potential complications has expanded. Despite this understanding, supportive care continues as the main clinical strategy, and evidence for monitoring for complications is lacking. In a rare disease with many potential complications, guidelines for supportive care and monitoring are critical. It is our hope that the international, Pyruvate Kinase Deficiency Natural History Study will improve our understanding of this rare anemia. As our understanding of PKD is enhanced, we anticipate a faster rate of progress in the discovery of new therapeutic interventions.
